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O besity is a rapidly growing threat to health across the world (1, 2) , which independently increases the risk for cardiovascular disease (CVD), malignancy, and all-cause mortality (3, 4) . Body fat distribution, specifically increased visceral adipose tissue (VAT), is a better predictor of disease than body mass index (BMI) or total body fat mass (5) (6) (7) (8) . A large body of evidence demonstrates that in addition to adverse health behaviors (e.g., poor diet and physical inactivity), chronic psychosocial stress is an important independent risk factor for adiposity (9, 10) . Nevertheless, the assessment and management of stress are not core components of most current weight loss approaches, partly because of inadequate understanding of the mechanisms connecting stress to adiposity. Clarification of these mechanisms may facilitate lifestyle and pharmacologic interventions to limit the expansion of adiposity and its complications.
It is a common misconception that stress leads to increased adiposity solely through an increase in adverse health behaviors, particularly increased intake of less healthy foods. In fact, animals chronically exposed to stressful stimuli have increased visceral fat depots despite comparable or lower food intake (11, 12) . Similarly, in some but not all human studies, stress associates with adiposity and metabolic impairment independently of diet and physical activity, and it lowers the threshold at which adverse adiposity develops for a given diet (13) (14) (15) . Release of monocytes from hematopoietic tissues appears to play an important role in this connection. In animal models, stress triggers increased hematopoietic stem and progenitor cell proliferation within the bone marrow and accelerates immune cellular output (16) (17) (18) (19) (20) . These stress-induced monocytes subsequently infiltrate VAT, prompt adipocyte dysfunction, and promote VAT expansion (21, 22) . However, it is unknown whether a homologous association among stress, hematopoietic activity, and VAT exists in humans. Moreover, the role of the brain in this mechanism remains undetermined.
Studies evaluating the effect of stress on human physiology have been facilitated by advanced neuroimaging methods, which provide objective measures of the neurobiological response to stress (23) (24) (25) (26) . The amygdala is part of an endogenous circuitry within the brain that mediates neuroendocrine, autonomic, and behavioral changes in response to stress (27, 28) . Resting metabolic activity in the amygdala (AmygA) can be reproducibly quantified using AmygA is relatively stable over time (29, 30) and associates with an individual's perceived stress (25) . The amygdala is conditioned by chronic stress, and increased amygdalar metabolic activity and activation have been noted in chronic stress-related disorders such as posttraumatic stress disorder and anxiety (23, (31) (32) (33) . Furthermore, AmygA is linked to adverse pathologic consequences of chronic stress (25, 26) . Our group recently observed that higher AmygA leads to future CVD events in humans through a serial mechanism that involves increased hematopoietic tissue activity, with the putative release of inflammatory white blood cells, and increased arterial inflammation and predicts the development of incident diabetes mellitus independently of adiposity (25, 26) . Moreover, using positron emission tomography (PET)/ CT, AmygA and bone marrow activity can be quantified by 18 F-FDG uptake, along with simultaneous measurement of adipose tissue volumes with CT, thereby making this modality uniquely suitable for investigating the possible biological connections among these systems. Accordingly, we analyzed the data from brain and body 18 F-FDG PET/CT imaging to evaluate the hypotheses that (i) higher AmygA associates with greater baseline VAT volume and with greater achieved VAT volume after 1 year and (ii) increased bone marrow activity mediates the relationship between AmygA and VAT.
Methods

Study cohort
The study cohort (N = 246) was identified from a database of 2143 patients without active oncologic disease who underwent clinical 18 F-FDG PET/CT imaging at Massachusetts General Hospital from 2005 to 2008 (Fig. 1) , predominantly for cancer screening or malignancy surveillance. In addition, predefined inclusion criteria were (i) age .30 years, (ii) absence of prior CVD, (iii) absence of acute or chronic inflammatory or autoimmune disease, (iv) absence of prior malignancy or remission for $1 year before imaging and throughout the follow-up period, and (v) availability of adequate brain and adipose tissue images. Furthermore, a subset of 68 subjects underwent clinically indicated follow-up imaging 343 6 105 days (mean 6 SD) after baseline imaging. The Partners Human Research Committee approved the protocol for this retrospective study.
F-FDG PET/CT imaging protocol
Whole-body 18 F-FDG PET/CT imaging was performed using a standard integrated scanner (Biograph 64; Siemens Healthcare, Erlangen, Germany; or similar).
18 F-FDG (;370 MBq) was administered intravenously after an overnight fast. PET images were acquired approximately 60 minutes later in three-dimensional mode. A low-dose, nongated, noncontrast CT (120 keV, ;50 mA) was performed for attenuation correction prior to PET imaging.
Measurement of adipose tissue volumes
Adipose tissue volumes were measured on CT by investigators (B.T., Y.W.) who were blinded to clinical data and PET imaging measurements. Abdominal VAT and subcutaneous adipose tissue (SAT) were measured using previously validated methods on a dedicated offline workstation (Siemens Medical Solutions, Forchheim, Germany) on a single slice at the level of the umbilicus (34) . Adipose tissue was identified using a threshold between 2195 and 245 Hounsfield units. To separate visceral from subcutaneous fat, the abdominal muscular wall separating the two compartments was manually traced. VAT and SAT were calculated in cubic centimeters, and total fat was calculated as the sum of both depots. Lean tissue volume was calculated by quantifying the entire volume of tissue in the slice and subtracting the total adipose volume.
Measurement of brain metabolic activity
18 F-FDG PET imaging analysis was performed by a radiologist (A.I.) who was blinded to the clinical data and adipose volume measurements, using previously validated methods (25) . 18 F-FDG uptake in the amygdala was evaluated by placing circular regions of interest with an approximately 15-mm radius over the right and left amygdalae and measuring the mean tracer accumulation, as quantified by standardized uptake value (SUV). AmygA was defined as the average of the mean SUV from bilateral amygdalae corrected for background cerebral activity (mean temporal lobe SUV) (35) .
Measurement of hematopoietic tissue activity
Bone marrow activity was evaluated using previously validated methods (A.I.) (18, 25) . SUVs from the target tissue (bone marrow) were derived, and the target/background ratio was calculated by correcting for venous blood background activity. 
Statistical analyses
Statistical analyses were performed using SPSS (version 23; IBM Corp, Armonk, NY). Continuous variables are given as mean and SD or, when not normally distributed, as median and interquartile range (25th, 75th percentiles). Linear regression was used to test for associations, measured as standardized b with 95% CIs. All multivariable analyses incorporated age and sex as covariates; baseline adiposity measures and prior 18 F-FDG PET/ CT images were also used as covariates when appropriate.
Mediation (path) analysis was performed using the SPSS PROCESS macro (Preacher and Hayes), which employs an ordinary least squares or logistic regression-based path framework to estimate direct and indirect effects and produces CIs from 5000 bias-corrected bootstrap samples. We tested a hypothesized single mediator path: amygdalar activity → bone marrow activity → VAT. Age and sex were entered as covariables in mediation models. Statistical significance was determined as a two-sided P value ,0.05 for all analyses.
Results
Baseline characteristics of study cohort
A total of 246 individuals, 40.7% male, were included. Median age was 55 (interquartile range: 44.0, 65.0) years. Detailed baseline characteristics, including baseline psychiatric conditions, are presented in Table 1 .
Amygdalar activity was associated with adiposity at baseline
As shown in Table 2 sex. In addition, we observed that the associations were unlikely to be modified by habituation (36, 37) . Habituation can be broadly conceptualized as an attenuated neural response to stress or fearful stimuli resulting from prior exposure to the imaging test. We observed that the associations between AmygA and baseline adiposity remained significant after adjustment for a history of prior PET/CT imaging: BMI [0.14 (0.02, 0.27); P = 0.03]; VAT [0.13 (0.02, 0.24); P = 0.03]; and VAT/SAT ratio [0.12 (0.02, 0.21); P = 0.02]. Notably, AmygA did not correlate with baseline SAT (P = 0.54), total fat (P = 0.07), or lean body tissue volume (P = 0.33). Images comparing an individual with low AmygA with an individual with high AmygA are shown in Fig. 2A .
Amygdalar activity was associated with subsequent gain in adiposity
In the subset of 68 subjects who underwent follow-up 18 F-FDG PET/CT imaging (after ;1 year), baseline AmygA was associated with achieved VAT [standardized b (95% CI) = 0.19 (0.03, 0.34); P = 0.02] and weight [0.24 (0.12, 0.37); P , 0.001] after adjustment for age, sex, and baseline adiposity (Table 3) . Similarly, there was a significant relationship between AmygA and subsequent change in adiposity, including VAT and total fat volume, in univariable models and in models adjusted for age, sex, and baseline adiposity (Table 4) . Adjustment for a history of prior imaging did not change the significance of the associations. Images that compare a subject with lower AmygA and stable VAT with an individual with higher AmygA and increased VAT are shown in Fig. 2B . The association between amygdalar activity and VAT was mediated by increased bone marrow activity In addition to its associations with VAT, AmygA was also significantly associated with hematopoietic tissue activity, measured as bone marrow In addition, bone marrow activity was closely associated with VAT [0.34 (0.21, 0.44); P , 0.001]. Therefore, we performed mediation (path) analyses to test the hypothesis that the relationship between baseline AmygA and baseline VAT was significantly mediated by upregulated bone marrow activity. The results of the mediation analysis (Fig. 3) indicated that bone marrow activity was a significant mediator of the relationship between AmygA and VAT [0.06 (0.01, 0.13); P = 0.007], accounting for 48% of the total effect. This suggests that bone marrow activity plays a critical role in mediating the association between AmygA and VAT.
Discussion
The current study provides insights into the neurobiological mechanism by which chronic stress associates with adiposity. We observed in humans that metabolic activity of a brain region involved in the conditioned emotional and physiological responses to stress (i.e., AmygA) independently links to baseline as well as achieved VAT. Our observations further suggest that AmygA links to adiposity via a path that involves upregulation of hematopoiesis (presumably leukopoiesis), as reflected in bone marrow activity. Together, the study findings illuminate a potential biological pathway involving inflammation that links amygdalar activity to adiposity in humans.
Mechanistic insights
VATs are metabolically active and rich in immune cells. In obese individuals, functionally impaired hypertrophic adipocytes are a source of proinflammatory cytokines and chemokines such as TNF-a, IL-6, and monocyte chemoattractant protein-1 (38) (39) (40) . In particular, MCP-1 promotes the migration of bone marrowderived monocytes and macrophages (41) and leads to differential activation of adipose tissue macrophages and modulation of local inflammation in VAT (42) . In addition, macrophage infiltration has been strongly associated with further VAT accumulation (43) . These factors promote a chronic, low-grade, systemic inflammatory state affecting multiple tissues, which is associated with increased prevalence of chronic diseases such as atherosclerosis (38) . Animal studies have shown that unpredictable chronic stress promotes increased local and systemic inflammation and stimulates alterations in adipose tissue with increases in VAT (11) . The current study provides support for a homologous pathogenic mechanism in humans.
The current study underscores the role of the amygdala as a key neural participant in the mechanism by which the emotional and physiological response to chronic stress induces VAT. Amygdalar activation prompts activation of the hypothalamic-pituitary-adrenal (HPA) axis (44) and sympathetic nervous system (SNS) (45), which were not directly studied in this cohort. Activation of the HPA axis and increased sympathetic tone facilitate the release of fatty acids from fat stores to increase the systemic energy supply in response to stress (46) . Monocytes within fat release cytokines that subsequently modify the glucose transporter ratio (glut4/glut1) to allow glucose entry into adipocytes in the context of SNS suppression of insulin (22) . Simultaneously, increased glucocorticoids and other stress hormones may lead to upregulation of neuropeptide Y and induce differentiation of progenitors into adipocytes, thereby increasing the absolute number of adipocytes (47) .
The current study suggests an important physiological connection between the amygdala and hematopoietic tissues in promoting visceral adiposity. The amygdala's projections to the brainstem play a key role in the response of the SNS to stress (45) . In murine models, through stimulation of sympathetic nerves terminating in the bone marrow, stress leads to increased hematopoietic stem and progenitor cell proliferation and accelerates innate immune cell output and cytokine production (16) (17) (18) (19) (20) . In the setting of obesity, these bone marrowderived monocytes have been shown to migrate to and accumulate in VAT (41), leading to alterations in the balance of proinflammatory and anti-inflammatory macrophages and increases in local inflammation within VAT (42) . This study further supports an important role for hematopoietic tissues in the mechanism linking neurobiological activity to metabolic disease by suggesting that in humans increased bone marrow activity accounts for nearly half of the association between baseline AmygA and baseline VAT. Accordingly, the findings of the current study provide key extensions to the existing literature by illuminating a potential mechanism that translates a neurobiological response to chronic stress into excess VAT (Fig. 4) .
Limitations
The individuals in the study were selected from a clinical database of patients who had undergone 18 F-FDG PET/CT for clinical indications, mainly cancer screening and surveillance, thus potentially limiting the generalizability of the findings. Subjects were not prospectively recruited, and the results are subject to the inherent limitations of a retrospective single-center design. We did not have the opportunity to account for health behaviors such as diet and physical activity, which may confound the relationship between chronic stress and adiposity. There was also no opportunity to compare the imaging findings with measurements of cytokines, neurohormones, and inflammatory biomarkers, given that these factors were not routinely measured in this clinical population. Standard questionnaires to assess perceived stress were not used, so the relationship between perceived stress and adiposity was not directly evaluated. Because many subjects had undergone 18 F-FDG PET/CT imaging before baseline study imaging, unmeasured amygdalar habituation, a decrement in amygdalar response with repeated exposure to a stimulus (e.g., facial expressions) (36, 37) are robust to adjustment for 18 F-FDG PET/CT imaging before study entry, providing reassurance that habituation did not contribute substantially to these findings. Finally, because of the limitations of resolution and limited standard brain coverage with whole-body 18 F-FDG PET/CT imaging, we were unable to evaluate the activity of several other important stress-responsive neural centers (e.g., the hippocampus, prefrontal cortex). Nevertheless, in this study, AmygA was found to be strongly associated with baseline and achieved VAT, and the previously cited limitations are substantially counterbalanced by the novelty of the findings.
Future perspectives
These findings present opportunities for several important future studies. Pharmacologic modification of the discovered pathologic mechanism may be possible and could include targeting brain centers involved in the perception of and response to stress, bone marrow activation, and/or resultant monocytosis. Nonpharmacologic interventions could be equally attractive. It has previously been demonstrated that stress-reduction may have a role in modifying the neurobiological milieu (48) as well as amygdalar structure and function (49, 50) , suggesting a possible role for stress-reduction techniques in interrupting this pathogenic pathway. In addition, the roles of health behaviors, the SNS, and the HPA axis in mediating the link between AmygA and adiposity should be directly studied in future investigations. Similarly, a comprehensive evaluation of inflammatory activity (e.g., measurement of cytokines and inflammatory biomarkers) should be performed to further assess the role of hematopoietic tissue in this pathway. Complete neuroimaging with hybrid 18 F-FDG PET and MRI should also be considered to allow reproducible assessment of all involved neural centers, and the possible effect of habituation on resting AmygA should be assessed. Finally, these findings suggest a potential role for screening patients who are overweight for chronic stress and stress conditions to optimize and individualize therapeutic interventions.
Conclusion
The current study illustrates a relationship in humans between AmygA and adiposity, notably VAT. Moreover, we demonstrated that this link between AmygA and VAT is significantly mediated by increased bone marrow activity (indicative of greater leukopoiesis), thereby implicating inflammation in this mechanism. Future studies may lead to novel insights on how to treat obesity and prevent downstream disease by modulating this pathway.
